We demonstrate Optical-Resolution Photoacoustic Microscopy (OR-PAM), where the optical field is focused and scanned using Digital Phase Conjugation (DPC) through a multimode fiber. The focus is scanned across the field of view using digital means, and the acoustic signal induced is collected by a transducer. Optical-resolution photoacoustic images of a knot made by two absorptive wires are obtained and we report on resolution smaller than 1.5µm across a 201µm by 201µm field of view. The use of a multimode optical fiber for the optical excitation part can pave the way for miniature endoscopes that can provide optical-resolution photoacoustic images at large optical depth.
1
Photoacoustic microscopy (PAM) is a rapidly evolving imaging technique that is capable of delivering multi-scale images based on the optical absorption properties of the investigated sample 1 . Absorption of laser pulses by the sample, induces a local increase of the temperature generating an acoustic wave via the photoacoustic effect. An acoustic transducer is generally used to detect the generated acoustic wave enabling the formation of an image. One of the advantages of photoacoustic microscopy is that it can provide either label-free images of tissues, in which case the contrast rises from the intrinsic variation of optical absorption coefficient 2, 3 , or images of tissue based on exogenous contrast agents that can be used to target and image specific structures and metabolisms [4] [5] [6] . Photoacoustic microscopy approaches can be divided in two categories, based on the image resolution. In acoustic-resolution photoacoustic microscopy (AR-PAM), the image resolution is dictated by the frequency response of the ultrasound detection device. With this approach, images with resolution ranging from millimeter to less than a hundred microns can be obtained at depths much larger than the ballistic range of optical propagation in scattering media, defined as the optical transport mean free path. At this depth, typically 1 mm in biological tissue, purely optical techniques are limited by multiple scattering 7 . The image reconstruction is based on acquiring ultrasound signals for different positions of the transducer, either by scanning a single element transducer or by using multi-element probes. In optical-resolution photoacoustic microscopy, the excitation light is focused into a diffraction-limited spot, usually with an objective lens. In this configuration the optical energy deposited on the sample, and therefore the region that generates the acoustic waves, are limited only to the illuminated diffraction-limited voxel, yielding photoacoustic images with optical resolution [8] [9] [10] [11] . The generation of full-sized images is based on the raster scanning of the optical excitation spot.
However, as OR-PAM relies on the ability to focus light into the sample of interest, it is feasible only within the ballistic regime of optical propagation in scattering media, therefore generally limited to penetration depths smaller than 1mm for biological tissue.
While the imaging depth of AR-PAM is limited by the so called hard limit of optical penetration, dominated by the absorption properties of the investigated tissue, the imaging depth of OR-PAM is limited by the optical transport mean free path. In order to overcome these limitations, endoscopic modalities have been deployed for the acquisition of photoa- [18] [19] [20] [21] [22] .
In the present paper we demonstrate an optical-resolution photoacoustic imaging modality in which a multimode fiber is used as the source of the optical excitation field. We use Digital Phase Conjugation (DPC) to focus and digitally scan a diffraction-limited spot at the distal tip of the multimode fiber into a knot and placed on a sample holder. The knot is placed at the working distance of the fiber, which is defined as the focusing distance away from the distal fiber tip. The focused spots are scanned across the regular grid one by one. For each position of the focused spot, the transducer picks up the generated acoustic wave and converts it to an electric signal which is amplified by a low noise amplifier (DPR500, remote pulser RP-L2, JSR Ultrasonics, USA) and displayed on an oscilloscope. A computer is used to synchronize all the required actions by sequentially projecting the phase on the SLM for the generation of the focus, then acquiring the data from the transducer through the oscilloscope and repeating these steps for the scanning and acquisition of the image.
In Fig. 2 , we demonstrate and compare the results of the different imaging modalities implemented. In Fig. 2a , we present the ultrasound pulse-echo image, captured by sequential raster scanning of the transducer. In this modality, the resolution is defined as for acoustic-resolution photoacoustic microscopy, by the central frequency and the aperture of The resolution of the system can be estimated by taking a cross-sectional plot along the wires and measuring the distance between the background and the wire signal. To avoid the need to interpolate the acquired data, which would cause the generation of artifacts, the cross-sectional plot is drawn horizontally across the raster scanning, not exactly perpendicular to the wires therefore resulting in an underestimation of the achieved resolution. Figure 3a shows the cross-sectional plot along the solid red line in Fig. 2c while Fig. 3b is the cross-sectional plot along the dashed green line. As can be seen in Fig. 3a the transition between the signal of the background to the signal from the wire, occurs within 1 pixel of the image (1.5µm) defining therefore the upper limit of the resolution to 1.5µm. To characterize the collection efficiency of the system, we draw the cross-sectional plot along the wire as shown in Fig. 3b . We can see that the collected signal is weaker towards the edges of the image. Performing a curve fitting with a Gaussian profile, we see that the fitted curve has 
